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Nakul Dev Shenbaga R. Kaniraj 
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SYNOPSIS: In order to mitigate earthquake effects occurring because of soil liquefaction, it is essential that the characteristics of soil deposits prone to liquefaction be 
reliably assessed. The present paper is an attempt in this direction. Liquefaction behaviour of five sands of different gradation characteristics is evaluated under cyclic 
simple shear conditions and the results have been used to predict the behaviour of Badarpur sand. Fineness Modulus, and a grain size and gradation factor have been used to predict the cyclic strength. The predicted behaviour is then verified by carrying out 
simple shear tests on Badarpur sand. As the predicted strength is found lower than the 
actual strength, corrections are suggested. 
INTRODUCTION 
Soil liquefaction has been the cause of many 
a failures of earth structures, slopes and 
foundations on saturated sands during almost 
all major earthquakes. The extensive damage 
potential has drawn the attention of 
geotechnical engineers towards the 
systematic study of this phenomenon and re-
emphasised the need for reliable procedures 
for its prediction. The term 'liquefaction' 
is used to include all phenomena giving rise 
to loss of strength or development of 
excessive strains as a result of transient 
or repeated disturbance of cohesionless 
soils. Liquefaction is reported to be 
primarily associated with saturated 
cohesionlss soils. 
Seed and Lee (1966) put forward a 
quantitative approach for the prediction of 
liquefaction based on cyclic triaxial tests. 
They concluded that larger the cyclic 
stress ratio and looser the samples,the 
smaller is the number of cycles of cyclic 
stress to cause liquefaction and also that 
liquefaction can be effected by cyclic 
loading even in dense sands. Since then, 
considerable advances have been made towards 
the understanding of liquefaction from 
laboratory testing techniques. Cyclic 
simple shear test (Ishihara and Li, 1972) 
and shake table tests ( Finn, Emery and 
Gupta, 1970) have been developed to obtain 
parameters required for predicting 
liquefaction potential of a soil deposit 
using analytical techniques. Of all these 
tests, cyclic simple shear test simulates 
the field conditions more closely (Seed and 
Peacock, 1968). 
The liquefaction potential, also referred to 
as dynamic strength, is closely dependent on 
relative density (Seed and Lee, 1966), grain 
size and gradation characteristics (Ishihara 
et al. 1978), Consolidation pressure (Kishida, 1969; Peacock and seed, 1968; Finn 
et al., 1971) and cyclic deviator stress 
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amplitude. The effect of all these factors 
has been extensively studied abroad. but 
there is very little information available 
on Indian soils. As such three fractions of 
Indian Standard Sand from Ennore, Madras (beach sand) and two combinations thereof 
have been selected for this testing 
programme. Locally available sand in Delhi (Badarpur) was chosen for prediction of its 
liquefaction behaviour. This paper in 
addition to presenting the findings of the 




Ennore sand is available in three fractions 
viz. fine, medium and coarse. These three 
fractions and two combinations of these 
fracions were used. The five materials thus 
consisted of the following and are 
designated as under:-
1. Fine fraction of Ennore Sand - referred 
to as fine sand (Designation A) 
2. Medium fraction of Ennore sand 
referred to as med. sand (Designation B) 
3. Coarse fraction of Ennore Sand 
referred to as coarse sand (Designation 
C) 
4. (Fine+Medium) fractions of Ennore Sand -
referred to as (Fine+Med.) sand (Designation D) 
5. (Fine+Medium+Coarse) fractions of Ennore 
Sand - referred to as (Fine+Med.+Coarse) 
sand (Designation E) 
All the 
gradation 
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loading wave form at a frequency of 0.5 Hz. 
Each designated sand was tested at initial 
effective confining pressure of 0.75, 1.50 
and 2.25 kgjcm2 except coarse sand 
(designation C) which was tested for 
liquefaction at 0.75 kgjcm2 only. Coarse 
sand required very high shear stresses for 
liquefaction even at low confining 
pressures, as such the testing programme 
using this fraction was deferred. 
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Fineness Modulus (FM), Mean Particle Size 
(Dsol and grain size and gradation factor 
R. The grain size distribution curves for 
all the above materials are shown in Fig. 1. 
Table 1 gives the physical properties of 
these materials. Liquefaction potential 
curves are established for the above 
materials for the specified conditions of 
testing. Badarpur sand, having 
characteristics as detailed in Table 1 and 
grain size distribution curve as shown in 
Fig. 1 is used as a material for which the 
liquefaction behaviour is sought to be 
predicted. Badarp~r sand is designated as 
F. 
Tests Conducted 
Testing programme comprised of evaluating 
the liquefaction potential of all the 
designated sands at a relative density of 
50%. cyclic simple shear test apparatus 
developed by Seiken Inc., Japan was used. 
sands used were first tested to determine 
their index properties such as grain size 
distribution, specific gravity and minimum 
and maximum densities. Sand specimens 75mm 
diameter and 20mm high reconstituted at the 
desired relative density by dry pluviation 
method were tested under isotropic 
consolidation at stress ratios ranging 





Three confining pressures were chosen for 
testing to study the effect of confining 
pressure on liquefaction susceptibility. 
The number of cycles for initial 
liquefaction in each case was recorded. 
Initial liquefaction was taken as a stage 
when pore water pressure became equal to 
initial effective confining pressure. A 
minimum of three specimens for all 
designated sands were planned to be tested 
for each confining pressure. As such total 
number of tests worked out to be 45. 
Additional tests were carried out for 
verification of predicted behaviour of 
Badarpur sand. 
LIQUEFACTION BEHAVIOUR 
Out of a total of 65 specimens tested, 56 
were using Ennore sands and 9 using Badarpur 
sand for which liquefaction potential was 
required to be predicted. All the specimens 
were planned to be reconstituted at 50% 
relative density. The packing densities, 
however, varied from 46% to 63%. Post 
consolidation relative density variation was 
found to be between 50 to 75% depending upon 
the initial effective confining pressure 
(<ro1 l • 
Figures 2 to 4 show the liquefaction 
potential curves relating peak shear stress 
and number of cycles to initial liquefaction 
for all the sands at the initial effective 
confi2ing pressures of 0.75, 1.5 and 2.25 
kg/em respectively. Perusal of the figures 
show that the increase in initial effective 
confining pressure increases liquefaction 
resistance. In order to show the effect of 
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Potential 
the relationships between peak pulsating 
stress causlng liquefaction in 10, 30 and 
100 cycles and initial effective confining 
pressure ( v-d ) has been obtained for all 
sands and presented in Figs 5 to 7. These 
figures indicate linear relationship 
between peak pulsating shear stress ( Lh ) 
and -::r-0 1 This is in conformity with results presented by Finn, Pickering and Bransby (1971). This then means that an undrained 
saturated sand at a given void ratio (or 
relative density) will always reach 
liquefaction in cyclic loading tests in the 
same number of cycles if the tests are 
conducted at the same stress ratio, 
SR (~h/oo' ) irrespective of the particular 
values of Gh or ..-cJ ,provided that crushing of 
grains does not occur. In other words the 
SR and the cycles to initial liquefaction 
are uniquely related for a given sand at a 
given relative density. Figure 8 shows 
this unique relationship in the form of 
summary curves. The curves are at post 
consolidation relative density ranging from 
50% to 75% with most values falling in the 
range of 60 ± 2%. 
PREDICTION OF LIQUEFACTION BEHAVIOUR 
To have an idea of the liquefaction 
behaviour of Badarpur sand from the test 
results of different gradations of Ennore 
Sand, two approaches, one using Fineness 
Modulus (FM) and other using a factor 
030 X 090 R ( = Oso X . ) are suggested and the 01o x o6o 
procedures are detailed as under:-
Prediction using Fineness Modulus(FM): 
This approach has been referred to as FM 
approach. Fineness Modulus (FM) is an index 
of coarseness or fineness of sand. It is an 
empirical factor obtained by adding the 
cumulative percentages of sand retained on 
each of standard seives and the sum divided 
by 100. Fineness Modulus for Ennore sands 
varies from 2.46 to 3.45. For Badarpur 
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For sands A, B, D and E; peak pulsating 
shear stresses causing liquefaction in 10, 
30 and 100 cycles are obtained from linear 
plots in Figs 5 to 7. These values are 
plotted against Fineness Modulus (FM) for 
each of the confining pressures as shown in 
Fig.9. A line of best fit for these data 
points, for each combination of cycles of 
stress and confining pressures, is drawn. 
While data points cor·responding to A, B and 
E fall close to respective straight lines, 
those corresponding to sand D fall 
consistently above straight lines. 
For Badarpur sand wnose behaviour is to be 
predicted, against its FM of 3.01, the 
shear stresses causi.ng liquefaction in 10, 
30 and 100 cycles f~t" each of the confining 
pressures are read o~t from the graph (Fig. 
9). These values ar~ plotted in the form of 
liquefaction pot~ntial curves in 
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behaviour of Badarpur sand obtained from 
experiments. It is found that FM approach 
predicts higher than actual shear stress to 
cause liquefaction in a given number of 
cycles. It means that prediction errs on 
the unsafe side. The variation of ratio of 
actual to predicted shear stresses with 
number of cycles is shown in Fig.ll. The 
prediction of the behaviour of Badarpur sand 
can be improved if the following equation is 
used. 
Shear Stress Causing 
liquefaction in N 
Cycles 
R-Factor Approach 
(0.9-0.12 log N) X 
Predicted Shear 
stress (1) 
In this approach referred to as R-Factor 
approach, a grain size and gradation factor 
R defined as 
030 x 090 R = !ll; o X __::;__::__;:..:___ 
010 X 060 
has been used. D1o , D 30 etc. are in mm. It has been reported in literature that the 
grain size distribution influences 
liquefaction potential. And it is, as such 
considered here that R-Factor will take into 
account shape of the grain size distribution 
curve as well as actual grain sizes. In the 
same way as explained above for FM approach, 
shear stresses causing liquefaction in 10, 
30 and 100 cycles have been plotted against 
R values for sands A, B, D and E in Fig. 12. 
R varies from 0.54 to 2.6 mm for Ennore 
sands and is 1.46 for Badarpur sand. The 
liquefaction potential for Badarpur sand can 
now be predicted in the same manner as 
described for FM approach. The prediction 
from R-factor approach is also shown in 
Fig.lO in the form of liquefaction potential 
curve.Examination of Fig.lO shows that the 
predicted shear stresses are higher than 
actual values and even higher than those 
predicted by FM approach. Hence the 
prediction is very much on the unsafe side. 
Use of the following equation obtained from 
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Shear Stress causing 
liquefaction in N 
cycles 
(0.7 - 0.06 log N) X 
Predicted Shear 
Stress (2) 
Based on the above, it can be said that 
(l) Predictions based on FM approach and R-
Factor approach err on unsafe side. 
(2) Between the two, FM approach gives 
better results. 
(3) It appears that other important factors 
besides grain size and its distribution 
influence the liquefaction potential 
which may have to be considered in 
prediction. These need to be 
investigated. 
CONCLUSIONS 
The study described herein was conducted to 
predict the liquefaction behaviour of 
Badarpur sand based on the liquefaction 
potential of five other sands having 
different characteristics. For the 
specified test conditions and for the sands 
used in this ivestigations, the following 
conclusions appear to be drawn: 
1. The liquefaction resistance of a 
granular soil is directly proportional 
to the initial effective confining 
pressure. The more the confining 
pressure, the more is the stiffness of 
the specimen and as such more number 
of cycles are required for initial 
liquefaction. 
2. Liquefaction resistance increases with 
increase in the fineness Modulus of soil. 
3. A grain size and gradation factor R has 
been defined as 
0)0 X 090 R = o50 x-.::..:....-~-
o,o X 060 
where 010 , D30 , etc. are in mm. 
The liquefaction resistance increases 
with increase in R-factor. 
4. Prediction of liquefaction potential of 
Badarpur sand has been attempted using 
fineness modulus FM, and a grain size and 
gradation factor R. The prediction using 
FM approach is found more closer to 
actual results, though in both cases, the 
predicted cyclic strength was found to be 
more than actual values. Therefore, 
corrections required to find actual 
stress causing liquefaction in a given 
number of cycles from the predicted 
values have been suggested. 
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